Nonequilibrium spin transport through an interacting quantum dot is analyzed. The coherent spin oscillations in the dot provide a generating source for spin current. In the interacting regime, the Kondo effect is influenced in a significant way by the presence of the processing magnetic field. In particular, when the precession frequency is tuned to resonance between spin-up and spin-down states of the dot, Kondo singularity for each spin splits into a superposition of two resonance peaks. The Kondo-type cotunneling contribution is manifested by a large enhancement of the pumped spin current in the strong coupling low temperature regime. DOI: 10.1103/PhysRevLett.91.196602 PACS numbers: 72.25.-b, 03.67.Lx, 73.23.-b, 85.35.Be The rapid progress of nanoelectronics and information technologies has prompted intense interest in exploiting the interplay of electron charge and spin properties, which results in the emergence of semiconductor spintronics [1, 2] . One of the most important spin-based electronic devices is a mesoscopic quantum dot (QD) system, in which the spin coherence time for electrons or nuclei is relatively long [3, 4] . Spin-polarized transport through a QD has been extensively investigated recently. It has been shown theoretically [5] and demonstrated experimentally [6] that a QD system will function as a phase-coherent spin pump in the presence of sizable Zeeman splitting. A QD-based spin battery device has been proposed by use of a combination of a vertical magnetic field and an oscillating electric field [7] . Very recently, spin-polarized current has been detected from a quantum point contact (QPC) [8] and from Coulomb-blocked QDs [9] . For the latter, due to the large charging energy at low temperatures, a more subtle effect -the creation of new states of manybody character at the Fermi level by the Kondo effectis expected to occur [10] . Although the effect of Kondo resonance on the charge current has been well studied in a QD [11] , its influence on the spin current and spin detection might be equally significant, since it provides a spinflip cotunneling mechanism.
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In this Letter we explore spin-current response to a magnetic-oscillating quantum dot, which is schematically shown in Fig. 1 . The single-electron levels in the dot are split by an external magnetic field B 0 , " d# ÿ " d" g B B 0 , where g is the effective electron gyromagnetic factor and B is the Bohr magneton. The two spin levels are coupled by a rotating magnetic field (B 1 cos!t, B 1 sin!t), applied perpendicularly to the field B 0 . The possibility of the ESR setup based on GaAs QD has been discussed in Ref. [12] . The QD is in some sense similar to an oscillating magnetic dipole moment of a two-level atom. However, we show that the spin transport properties are highly nontrivial for the QD system, due to the many-body excitations and coupling with an external electrode.
Theoretical formalism.-The model Hamiltonian under consideration can be written as
Here d and a k create an electron of spin in the QD and in the lead, respectively. The possible coupling between the magnetic fields and the lead can be effectively obviated by choosing antiferromagnet as the lead [13] or via the ''g-factor engineering'' [12, 14] . A similar model has been proposed for electrical detection of singleelectron spin resonance [15, 16] .
The time dependence of the Hamiltonian (1) may be eliminated by introducing a unitary transformation U e ÿi!t=2
d " (" is set to be unity) and thus redefining the Hamiltonian in the rotating reference (RF) as follows: 
where
are the dressed dot and lead levels for up and down spins, respectively. One can see that the rotating magnetic field, in effect, shifts lead electron energy to the opposite directions for up and down spins. This spin-oriented energy splitting originates from the hybridization term (the last term) in (2), which propagates energy from the QD to the lead. Thus the spin-up chemical potential is now " ÿ!=2 (the reference energy is set E F 0), while # !=2. The charge chemical potential is still e " # = 2 0. The distinction between and e was recently discussed in Ref. [17] .
The physical picture of spin-current generation is as follows: Because of the one-photon difference between the spin-down and spin-up chemical potentials of the lead, an electron in the spin-down channel can tunnel into the" " d# level in QD. After a spin-flip process given by B 1 term in (2), the electron can tunnel out of the QD into the spin-up channel. This process repeats, so a steady spin current builds up in the lead. Note that the net charge current is zero because there is only one electrode in the system. This zero charge current feature is retained when more electrodes are taken into account with no bias voltage applied between them. To calculate the spin current we make use of the nonequilibrium Green function formalism.
In the absence of hybridization and Coulomb interaction, the QD is reduced to a simple driven two-level system (TLS). Its dynamics is featured by a coherent weight transfer (Rabi oscillations) between the two spin states, which is complete when the rotating frequency is tuned to the resonant condition ! R g B B 0 . The spin oscillation period is T =, where 2 4g B B 1 2 p is the Rabi frequency and ! R ÿ ! denotes the detuning from the resonance.
To proceed we introduce a canonical transformation
where tan ÿ1 2g B B 1 = ÿ . In terms of new fermion operators, the dot Hamiltonian in Eq. (2) has a diagonal form P " c c c Uc
for the up and down spins.
The spin-, say, spin-" , current can be calculated using the nonequilibrium Green functions of the QD [18] :
where ÿ 2 
Substituting the expressions for G < c into (4), we obtain the expression for the tunneling spin current
where < 0 ""## sin 2 cos 2 , and < 0 sincos. Equation (6) can also be obtained by a direct application of the relation between the Green function and the transmission matrix [18] , and thus reduces to the usual Landauer formula for two spin channels. Since the electrons are flowing from spin-down channel to spin-up channel, we define the total spin current as J s J # ÿ J " ÿ2J " . Figure 2(a) shows the noninteracting spin current versus rotating frequency at different temperatures. The undressed spin levels are set to lie deeply below E F . One can see that at low temperature (solid line), the spin-current peak is not at, but far from ! ! R . This is because at ! ! R the dressed spin-up level" " d" is still lower than " and thus the electron in the dot cannot tunnel out via small thermal excitation. Because of the state exchange in QD, as shown in the inset of Fig. 2(a) , when ! increases further, crossing the avoided crossing between the two spin levels, the upper eigenstate is dominated by spin component j"i while the lower state by j#i. Thus when the upper level is higher than " , spin tunneling processes occur, and a peak develops in the current spectrum. When the temperature is increased to
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k B T j " ÿ" " d" j, the spin-current peak shifts to ! ! R with a larger peak amplitude. Further increasing temperature such that k B T > ! will smear out the mismatch between " and # , and thus the spin-current amplitude begins to decrease, as shown in Fig. 2(a) . When the gate voltage V g is modulated such that" " d are at the interval between # and " , then the spin-current peak will occur exactly at ! ! R [see Fig. 2(b) ].
The model can also illustrate the spin-current generation in the Coulomb blockade regime when Coulomb interaction is treated in the mean-field formalism. As an example, we show in Fig. 3 the spin current versus gate voltage for several values of !. Two Coulomb peaks with interval U can be resolved, and as in Fig. 2 , the current amplitude increases when the magnetic field frequency is tuned towards to two-level resonance ! ! R .
The electronic correlation effect.-In the low temperature, strong coupling, and large charging energy regime, correlation effects enter and are expected to significantly influence the spin transport. To illustrate correlation effects, we again use the equation of motion method (EOM) [19] to solve the retarded Green function in (4). The EOM is known to give the right qualitative behavior at low temperatures [19] . In the infinite-U limit, we obtain G r c I ÿ" " c ÿ r 0 ÿ r 1 ÿ1 I ÿ n c ; (7) where " " c 0 0 " c and the interaction self-energies are given by r 
is difficult to obtain since the lesser self-energy cannot be given exactly in the interacting regime, However, the situation simplifies in the steady-state transport [20] , in which the occupation on the dot is time independent, id=dthc tc ti 0. Writing down the Heisenberg equations for c t and c t and integrating out the lead electron operators, we find the self-consistent integral equations
which now, together with (7), close the equations of motion for G r c . The magnetic-field-induced excitation properties are shown in Fig. 4 by plotting local spin-resolved spectral densities uG r c u T for different values of !. In the absence of a rotating magnetic field !; B 1 0, as observed from Fig. 4(a) , the spectral density for each spin component is characterized by a broad singleparticle peak around " d , and a sharp Kondo peak at Zeeman energies ÿ! R for up spin and ! R for down spin. The spectral weight of " is enhanced by the magnetic field, while # is greatly suppressed. Therefore, a net spin moment develops in the QD. Physically, the Kondo peak at ÿ! R is due to the cotunneling processes (see inset) in which one spin-down electron in the lead at the Fermi level tunnels into the dot and occupies energy level" " # , followed by another electron on" " " tunneling out to the spin-up channel with the energy ! R below from Fermi level E F . Such cotunneling processes transfer electrons from spin-up channel to spin-down channel of the lead. Thus a spin current may be induced in an efficient way by these Kondo-type cotunneling processes. Similarly, the Kondo peak at ! R in # is due to a superposition of many cotunneling processes in which one spin-down electron with the energy ! R above the Fermi level tunnels into the dot and simultaneously another spin-up electron in the dot tunnels out to the Fermi level of the lead. Both kinds of cotunneling processes contribute to the spin-current generation. When the rotating magnetic field is switched on, the spin Kondo resonances and spectral structures begin to change. At ! < ! R , the broad single-spin and sharp Kondo peaks shift toward higher energies for up spin, while they shift to lower energies for down spin [ Fig. 4(b) ]. At two-level resonance ! ! R , as shown in Fig. 4(c) : (i) each spin Kondo singularity splits into two prominent peaks around " and # ; (ii) " and # completely overlap with identical spectral weight. This overlap is caused by the fact that at ! ! R , each spin eigenstate in the dot is a strong superposition of j"i and j#i states with equal probability amplitude. When ! increases further, the two-level superposition is suppressed, and the state exchange occurs. As a response, the spectral densities of two spins also exchange their structures; as can be seen from Fig. 4(d) , # is enhanced while " is greatly suppressed.
To see the influence of the many-body correlation effect on the spin transport, we show in Fig. 5 the spin current as a function of rotating frequency. Compared to the noninteracting case, it can be seen that the spin current is greatly enhanced by the cotunneling processes in the strong coupling, low temperature regime. A detailed study of cotunneling effects on the spin current is in progress.
In summary, we have analyzed the spin-current properties of an interacting QD exposed to a rotating magnetic field. The spin-flip process in the QD and the effective difference of two spin chemical potentials suffices the generation of spin current with no charge current. The interplay of the many-body cotunneling process and coherent two-level resonance in the QD produces a remarkable enhancement of spin current.
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